Abstract-Surface area determinations were made on a montmorillonite with various cations emplaced on the exchangeable sites, utilizing nitrogen and carbon dioxide as adsorbates at 77~ and 195~ respectively, in a dynamic system. From the fraction of a Mississippi montmorillonite less than about 1/x in size, samples were prepared by replacing the original exchangeable cations with Li +, Na +, K +, Rb +, Cs +, Mg ++, Ca ++ , Ba ++, and N H4 +, forming a series of homoionic mont morillonite species.
INTRODUCTION
IT IS well-recognized that the behavior of clay minerals, soils and soil colloids depends to a great extent upon the specific surface area. Of the various methods in use for determining this parameter, the gas adsorption method of Brunauer, Emmett, and Teller (1938) -B.E.T. method-is generally accepted as the standard procedure.
A number of surface area evaluations from various adsorption isotherms have been reported during the past 30 years on these substances. Among those studies to which reference is frequently made are those by Makower, Shaw, and Alexander (1937) , Emmett, Brunauer, and Love (1938) , Hendricks, Nelson, and Alexander (1940) , Nelson and Hendricks (1943) , Mooney, Keenan, and Wood (1952) , Quirk (1955) , and Zettlemoyer, Young, and Chessick (1955) .
It would appear from most of the reported evidence that whereas water vapor and ammonia, both polar adsorbates, are able to penetrate between the layers of montmorillonite thereby yielding a measure of the internal surface, nitrogen as the adsorbate near its boiling point (-77 ~ Kelvin) does not penetrate the layers and provides a measure only of the external surface. Some preliminary measurements made in this laboratory, however, indicated that this was not true and that some penetration by nitrogen does indeed occur. This paper presents the results of a detailed study on a homoionic series of a montmorillonite in which the B.E.T. method was used with both nitrogen and carbon dioxide as adsorbates at -77 ~ Kelvin and -195 Kelvin, respectively in a dynamic system.
MATERIALS
A commercial southern bentonite* was selected for this study, instead of a Wyoming-type bentonite, because of the physical difficulties of preparation associated with concentrated suspensions of the latter clay. This particular bentonite is mined in northern Mississippi and is Upper Cretaceous in age. About 85 per cent of the crude clay is a highiron montmorillonite, which has some substitution *Sold by International Minerals and Chemical Corporation under the trade name "Dixie Bond". of AI +~ for Si § The principal exchangeable cation is calcium, and the exchange capacity is 93 mequiv./100 g (Grim and Cuthbert, 1945) .
Additionally, samples of a poorly-ordered kaolinite from the area of Anna, Illinois, and a wellordered commercial kaolinite from Georgia* were also studied as examples of clay minerals with no interlayer exchangeable cations to influence gas penetration. In addition to the difference in ordering, the Anna kaolin occurs as much finer-sized particles (85 per cent less than 0.5 /z) and has a larger base exchange capacity (about 18 m-equiv./ 100 g) than does the Georgia kaolin.
The crude clays were fractionated by centrifugation to obtain the less than 1 ~ fraction of each. The method described by Hathaway (1956) was used to obtain this fraction, but the formula he derived contains some factors that are difficult to control or evaluate. Therefore, the upper size limits derived by this technique may not be exactly as calculated. However, whether the resultant upper limit is 1 p. or 1.3 p~, it will be the same for all the samples and its actual value is not really significant.
A small amount of a commercial Wyoming-type bentonite from Belle Fouche, South Dakotat (similar in composition to A.P.I. clay no. 27) was size-fractionated also to recover the less than 1 p~ portion. This was treated with certain cations, in a similar manner as described below, for comparison purposes.
After size fractionation and drying, equal portions (about 5 g) of the < 1 p~ montmorillonite were added to separate 100 ml beakers containing about 50 ml of nearly saturated solutions of Li, Na, K, Rb, Mg, Ca, Ba, and NH4 chlorides, and Cs2SO4. These concentrated salt solutions were allowed to remain in contact with the montmorillonite for 18 hr, with frequent stirring. Then about 30 ml of distilled water were added to each beaker and the resulting suspensions were stirred and left for another 20 hr. At the end of this time interval, the supernatant liquid was poured off and the samples were washed in distilled water until peptization took place. They were allowed then to stand another 18 hr and washed again with the aid of filter candles. The resulting homoionic series of montmorillonites were dried and lightly ground to break up lumps and aggregates.
METHODS

Thermal-conductivity apparatus
The laboratory-constructed apparatus used in the study, with certain modifications, was similar in design to that described by Nelsen and Eggertsen *Supplied by the Georgia Kaolin Company. tSold by the American Colloid Company under the trade name "Volclay".
(1958). Modifications included (1) precision needle valves which, along with pressure regulators, controlled gas flow rates, (2) a multirange recorder with a mechanical integrator for integrating peak areas, and (3) a stable solid-state D.C. power supply for the bridge circuit. A reversing switch also was included in the bridge circuit to permit either the adsorption or desorption peak to be recorded in the same positive direction.
The principles involved in the use of the apparatus were described in detail in the aforementioned reference. The method was further evaluated and given some additional refinements by Daeschner and Stross (1962) . Commercial versions of the apparatus are now available~:.
In brief, the change in composition of a mixed gas (helium as a carrier gas for the adsorbate gas) flowing over a sample either during adsorption or desorption is detected by a thermal conductivity cell, thereby producing a recorded peak. The area under this peak is related through calibration to the volume of gas adsorbed or desorbed.
Some broadening and slight tailing effects are generally associated with the adsorption peak from finely divided substances, owing to slow diffusion of the adsorbate between particles and to the temperature rise during adsorption. The same effects also have been noted with porous solids, such as coals, where diffusion of the adsorbate into very fine pores determines the rate of adsorption (Thomas, Benson, and Hieftje, 1966) . The desorption process, however, is rapid and the peak produced is relatively sharp. Therefore, the desorption peak is generally used to represent the total amount adsorbed, because its shape is more closely comparable to those produced during calibration.
Carbon dioxide as an adsorbate
Carbon dioxide, a linear molecule with zero dipole moment, has gained considerable support from various workers during the past five years as the most favorable adsorbate in studies of the ultrafine structure of coals. In this regard, the recent studies by Marsh and Siemieniewska (1965) , Anderson, Bayer, and Hofer (1965) , Walker and Kini (1965) , and by Marsh and O'Hair (1966) are perhaps most pertinent for reviewing purposes.
These and other studies indicate that a large proportion of the pores present in coal are less than 10 ,~ in diameter. Nitrogen and the inert gases at temperatures near their boiling points diffuse into the pore channels at an exceedingly slow rate and adsorption equilibrium is not attained in a reasonable time. Polar adsorbates such as water vapor, :~The Sorptometer is sold by the Perkin-Elmer Corp., Norwalk, Connecticut. ammonia, or methanol are not too desirable, and nonpolar organic adsorbates, besides being too large in some instances to enter the pores, may attack the coal. Carbon dioxide at 195~ penetrates the pores and yields internal surface-area values that are in closer agreement with those from heatof-wetting data. It is not unusual, for example, to obtain a value of 250m2/g from carbon dioxide adsorption as compared with 5 m2/g from nitrogen adsorption.
Unfortunately, there is little unanimity concerning the cross-sectional area (oQ of the carbon dioxide molecule at temperatures near 195~ Values based on liquid density data range from 17-0 ,~2 calculated by Emmett and Brunauer (1937) , to 24.4 A 2 reported by Pickering and Eckstrom (1952) .
A value of 22.1 ,~2 was used for the studies reported here. This is an average value that was established indirectly from samples of known surface area, as determined in several participating laboratories by nitrogen adsorption, with the assumption that carbon dioxide at 195~ should give the same surface-area value as nitrogen at 77~
The results are summarized in Table 1 .
Slight differences are to be expected for or, of course, with different types of adsorbents. The large difference noted with the carbon black, however, and in the opposite direction from that noted with the other samples, is likely due to the presence of a micropore system that is not permeated by nitrogen. This was suggested earlier by Lamond and Marsh (1964) . The averaging of the data used here for the determination of (r does not include the carbon black data. In order to check the validity of the cr value for the adsorption of carbon dioxide on clay minerals, surface-area determinations were made on the two kaolinite samples (less than 1/z fraction) which should be representative of nonexpandable silicate substances. From nitrogen adsorption data, the values for the Georgia kaolin and Anna kaolin samples were 17.3 m2/g and 32.3 m2/g, respectively. From carbon dioxide adsorption, the values were 18.3 m2/g and 32.6 m2/g, respectively.
Procedure
Samples of approximately 0-3 g (40-120-mesh aggregates) were degassed in a helium stream for 16 hr. One set of samples was degassed at 110~ With the exception of the data shown for the carbon black, it is seen that the values obtained from nitrogen adsorption and carbon dioxide adsorption differ by about the same factor over the rather broad range of surface areas represented. and another set at 175~ A third set was degassed in helium for 1 hr at higher temperatures (dependent upon the replaceable cation), where it has been variously reported that expansion of the lattice by glycolation no longer occurs.
Adsorption was conducted at 3 points for the B.E.T. plot within the range of relative pressure of about 0.05-0.25 for nitrogen and about 0.05-0-16 for carbon dioxide. Relative pressure=p/p~, where p is the equilibrium pressure and Ps is the saturation pressure of the vapor at the temperature of adsorption. A value of 1450 mm was used for Ps of carbon dioxide, which allows for a very slightly higher temperature than the value (l.86atm at 195~ calculated from the work by Bridgeman (1927) . A value of 800mm was used for Ps of nitrogen. A helium flow of 50 ml/min was maintained both for the degassing procedure and in the control of the relative pressure of the adsorbate.
A Dry Ice-absolute ethanol slush (approximately 195~ was used to establish the adsorption temperature for carbon dioxide. The area under the desorption peak was used as a measure of the total adsorption. Because a significant quantity of carbon dioxide remains adsorbed on a sample at room temperature, it is necessary to conduct the desorption step at an elevated temperature. Consequently, a glycerol bath heated to 120~ was raised into position around the sample tube immediately after the cold bath was removed. The quantity of nitrogen that remains adsorbed on the sample at room temperature is not significant, but the use of a water bath at room temperature or slightly above sharpens the desorption peak.
The B.E.T. plots were linear and, with nitrogen as the adsorbate, passed essentially through the origin. The intercepts were somewhat more positive with carbon dioxide as the adsorbate. The value of c (in the B.E.T. equation) from the experimental data for the various samples with carbon dioxide as the adsorbate ranged from about 18 to 40.
RESULTS AND DISCUSSION
The initial indication of diffusion between platelets may be seen from a comparison of the adsorption-desorption curves shown in Fig. 1 .
Although the dynamic method used appears more amenable than other methods for rate studies of physical adsorption or desorption, simply because of the high sensitivity of thermal conductivity measurements which are easily monitored, the evaluation of rate data still lacks a theoretical basis. Qualitatively, however, certain differences are apparent. The adsorption peak for Georgia kaolinite is only slightly less intense than the desorption peak. Adsorption equilibrium (return of the adsorption peak to the recorder baseline) is reached in approximately 1 minute. The broadening and tailing effects associated with the adsorption peak for the montmorillonite samples, however, are quite pronounced, and adsorption equilibrium appears to be reached within the longer time period of 2-5 min, depending upon the replaceable cation. In fact, the time required for the apparent adsorption equilibrium with both of the expandable clay mineral samples shown is greater than that required for the silicaalumina catalyst, which is a highly porous adsorbent.
The ratio of peak amplitudes (desorption/ adsorption), which provides some index of the broadening phenomenon, is approximately 1.3:l for Georgia kaolinite, 2.8:1 for silica-alumina catalyst, 3.3 : 1 for Na-montmorillonite, and 5.5 : I for Cs-montmorillonite.
The same sample weights (-0.25g), with the exception of that for the silica-alumina catalyst, were used to provide uniform comparison. It might be argued that, although the upper limit of the size fraction used was the same for the kaolinite as for the montmorillonite samples, the mean particle size of the latter is considerably less with a consequent greater surface area, resulting in slower diffusion of the adsorbate around particles. There is no reason to believe, however, that the further marked tailing of the adsorption peak for Cs-montmorillonite, as compared with that for Na-montmorillonite, is due to a significant difference in the mean particle size or in pore characteristics (greater proportion of micropores) that evolve during sample preparation. That this is a reasonable assumption is more clearly brought out in a later discussion of carbon dioxide adsorption, particularly on Cs-montmorillonite. Consequently, if only external surface (including that within relatively large pores) were involved in the adsorption process, the adsorption rates for all the homoionic montmorillonite samples would be closely comparable.
Although adsorption equilibrium for the montmorillonite samples appeared to be complete within 5 rain from the initiation of the adsorption process, it was found that a very small quantity of nitrogen at a constant relative pressure continued to adsorb on (within) a sample over an extended period of time. Because of the small sample size used and the consequent minute increase in the volume of nitrogen being adsorbed, the increase could not be monitored readily as it occurred. Several adsorption-desorption cycles conducted at different time intervals, however, showed the increase. Data for K-montmorillonite and Camontmorillonite are shown in Table 2 .
It is seen that, after an initial adsorption period of 15 min, about 0.9 cc N2/g of each sample is further adsorbed over an approximate 7-hr period.
This amounts to about a 3 per cent increase over the volume adsorbed at the apparent adsorption equilibrium. Thus, the adsorption of nitrogen on montmorillonite proceeds in two stages: The first stage is relatively rapid (but still slower than adsorption on fine particles possessing external surface only), with some rate variation dependent upon the replaceable cation; the second stage is quite slow and does not seem to vary measurably with the replaceable cation.
To account for these phenomena, it is apparent that some diffusion occurs between platelets, rather rapidly at first around the edges, and then more slowly towards the interior. The final extent of penetration, were one to wait long enough, is unknown.
Surface-area values determined after the first stage of adsorption, where adsorption equilibrium appears to have been reached, obviously will be slightly lower than values obtained from longer adsorption periods, and for this reason one hesitates in attaching a specific value to a particular sample without some qualification. It is found, however, that with half-hour adsorption points, the B.E.T. plots are linear, indicating that there is little change in the diffusion rate (after the initial adsorption stage) over the relative pressure range used. From a practical standpoint, the relative surface-area values determined from half-hour adsorption points are revealing, in that they appear to provide a measure of the relative forces between platelets as influenced by the size and charge of the replaceable cation. Values are given in Table 3 .
Among the samples degassed at 110~ and 175~ it is apparent that there is a general increase in the measured surface area as the replaceable monovalent cation increases in size. This effect does not appear to any particular degree (2 or 3 units in surface-area values at the level under discussion are not significant) among the samples containing divalent cations. The latter samples yield somewhat smaller surface-area values than those containing monovalent cations of comparable size. Greene-Kelly (1953) at which lattice expansion with glycol no longer occurs. tTemperature used; no reference was found indicating a temperature of irreversibility. Mooney, Keenan, and Wood (1952) reported similar variations in their nitrogen adsorption studies on Wyoming bentonite, for which they could offer no explanation other than the possibility that the aggregates were smaller in the case of the dry Rb and Cs clays.
The values, in general, are slightly higher for the samples degassed at 175~ as compared with those degassed at I10~ owing probably to the further removal of water associated with the cations. Additional weight loss was noted at the higher degassing temperature, but the absolute weight-loss figures have little comparative meaning, since the samples were not at the same moisture equilibrium at the beginning of the degassing operation.
Although surface-area values are reported for samples degassed at temperatures sufficiently high that lattice expansion by glycolation no longer occurs, too much significance should not be attached to such values, owing to the large range of temperatures used, which, in some cases, may be sufficient to cause some dehydroxylation. NH4-montmorillonite was not included in the study because of possible decomposition effects at the higher temperature.
In general, the surface-area values are a little lower, as would be expected, than values obtained for samples degassed at the lower temperatures. One anomoly, for which there is no adequate explanation, is the increase in surface area of the Li-montmorillonite. It is possible that appreciable water is retained by the small cation, even during an extended period at 175~ which is later removed more easily at the higher temperature, permitting faster initial adsorption.
The conclusion that nitrogen penetrates to some extent between platelets is greatly augmented from the adsorption behavior of carbon dioxide on montmorillonite. The adsorption is somewhat analogous to nitrogen adsorption, in that there is a relatively rapid initial adsorption stage followed by a slow diffusion stage. The extent of penetration between layers, however, with carbon dioxide during the initial adsorption stage is considerably greater than with nitrogen, and surface-area values determined from half-hour adsorption points provide an even better measure of the relative forces between platelets than values from nitrogen adsorption. This is apparent from the data shown in Table 4 , where the measured surface areas (II0~ degassing temperature) range from 99 m2/g for Li-montmorillonite to 315m2/g for Csmontmorillonite.
Values from the 16-hr adsorption period are slightly higher, reflecting the increased adsorption volumes from the slow diffusion stage, with the exception of that for Cs-montmorillonite. The value for this sample remains unchanged, indicating that complete penetration between platelets occurred during the initial adsorption stage. The adsorption of carbon dioxide on Cs-montmorillonite, where adsorption equilibrium is reached within the relatively short time period of 30min, strongly substantiates the assumption made earlier that significant differences in pore characteristics and in the mean particle size are not expected during sample preparation. If such were the case, the adsorption of carbon dioxide on Cs-montmorillonite would be characterized The actual total surface area should be twice the value obtained for the Cs-montmorillonite (only one molecular layer of carbon dioxide between platelets), or 630 m2/g, minus the external surface area. Although the value for the latter parameter remains unknown from this study, a reasonable estimate might be 50 m2/g (smaller than Li-montmorillonite but greater than Anna kaolinite). The calculated value then for the total surface area is 580 m2/g. The surface-area values for samples degassed at 175~ are comparable to those from samples degassed at the lower temperature. The value for NH4-montmorillonite is significantly lower, indicating that some loss of NH3 may have occurred.
Again, as would be expected, the values are lower for samples degassed at the higher temperatures. A longer soak time at the designated temperature probably would decrease the values, but possible dehydroxylation effects could cause disproportionate changes.
An apparent paradox is the fact that the nonpolar carbon dioxide molecule, with a larger crosssectional area than the nitrogen molecule, more easily penetrates between the layers of montmorillonite. This is explained, however, from a consideration of the relative adsorption temperatures used. The carbon dioxide molecule at 195~ is kinetically more energetic, with a greater diffusion coefficient, than the nitrogen molecule at 77~
From this it is likely that, if nitrogen were able to form a monolayer at 195~ it also would possess sufficient energy to penetrate completely between the Cs-montmorillonite platelets.
It is only with the Cs-montmorillonite, among from 3-point B.E.T. plot and half-hour adsorption.
the samples studied, that the combination of forces occurring between platelets is sufficiently weak to permit complete penetration by carbon dioxide.
If it is assumed that the attractive forces between platelets are mainly van der Waals forces, then with increasing size of the replaceable cation these forces are greatly weakened as the platelets of the degassed sample are held farther apart. In addition, however, the field strength in the vicinity of the replaceable cation is governed by the cationic charge. This factor presumably influences the forces between platelets and, thus, may account for the lower measured surface-area values with the interlayer divalent cations. It should be added that the same trend was found with a few selected and similarly prepared homoionic species of < l/z fraction of Wyoming bentonite. The surface-area values with similarly substituted samples were a little lower. For example, with the Cs-substituted sample, the surface-area values from nitrogen adsorption and carbon dioxide adsorption were 102 mZ/g and 262 m2/g, respectively.
CONCLUSIONS Two distinct stages characterize the adsorption of both nitrogen and carbon dioxide on the < 1/~ fraction of montmorillonite. That is, a relatively rapid initial rate of adsorption is followed by an exceedingly slow rate.
It is apparent from these phenomena and from surface areas determined from the initial rate of adsorption that diffusion occurs between platelets to a varying extent. This is in opposition to the generally held concept that nitrogen is unable to penetrate between the platelets and provides a measure only of the external surface.
The degree of penetration in the initial adsorption stage, as revealed by the measured surface areas, appears to reflect the relative forces between platelets as influenced by the size and charge of the interlayer cation.
Complete penetration of the Cs-montmorillonite was achieved by carbon dioxide at 195~ yielding a total surface-area value of approximately 580 m2/g.
